A compact and efficient source of cw single-frequency radiation at 532 nm with excellent long-term stability has been realized by external frequency doubling of a diode-pumped miniature Nd:YAG ring laser. With a semimonolithic MgO:LiNbO 3 resonator an optical-to-optical conversion efficiency of 89% from 1064 to 532 nm at an output power of 1.1 W was achieved, with a wall plug efficiency of 9%. This system represents an ideal pump source for narrow-linewidth cw optical parametric oscillators with good frequency stability. © 1996 Optical Society of America
The generation of cw single-frequency radiation in the visible light spectrum has been pushed forward by signif icant progress in the development of highpower solid-state laser sources and highly efficient second-harmonic generation (SHG). Efficient SHG of frequency-stable Nd : YAG lasers was initiated by Kozlovsky et al., 1 who demonstrated conversion efficiencies of 56% and powers of 30 mW at 532 nm by frequency doubling the output of a diode-pumped Nd : YAG nonplanar ring oscillator 2 in a monolithic MgO:LiNbO 3 resonator. Gerstenberger et al. 3 extended this scheme to output power levels of 200 mW and reached conversion efficiencies of 65%. Paschotta et al. 4 reported 82% conversion efficiency with a monolithic doubler. The highest eff iciency obtained so far was 85% at 0.6-W output power at 540 nm when KTP was used in a discrete cavity. 5 Output powers in the watt range were first generated by externally resonant SHG of f lash-lamp-pumped ring lasers injection seeded by a nonplanar ring oscillator, 6, 7 followed by diode-pumped systems that use intracavity SHG. 8, 9 In view of the need for a pump source for optical parametric oscillators, notably singly resonant ones, 10 combining simplicity, compact size, and frequency agility, we report in this Letter a frequency-stable, compact watt-level source with considerably extended tuning range compared with those previously attainable. Fast frequency tuning (0.5 GHz͞s) and a continuous tuning range of 20 GHz at constant output power are achieved by a semimonolithic frequency doubler, 11 which overcomes the limitations of monolithic devices. Although electro-optical frequency tuning of monolithic resonators is feasible at low power levels when an applied electric field is used, 1 this method could not be extended to higher powers. 3 The tuning range of our system is limited only by the mode hops of the laser source being used. The electrical -optical conversion eff iciency is 9%, the highest achieved so far for this power level to the best of our knowledge. The system is shown to have an intrinsic frequency stability comparable with that known for miniature ring lasers. 2, 12 A schematic of our setup is shown in Fig. 1 . We use a diode-pumped monolithic Nd:YAG ring laser with a single-frequency output power of 1.64 W at 1064 nm and a 1-kHz linewidth. 13 The laser crystal is pumped by four Siemens diode lasers, each emitting a power of 1 W. The output frequency can be slowly tuned over a range of 10 GHz by control of the laser crystal temperature, and fast tuning over a range of 100 MHz is possible by application of stress to the crystal with a piezoelectric transducer (piezo). A Faraday isolator is used to prevent backref lection from the standingwave doubler cavity to the laser. The total available power before the doubler is 1.47 W, from which 85% is matched to the fundamental transverse mode of the cavity.
The semimonolithic doubler resonator consists of a 7.5-mm-long MgO : LiNbO 3 crystal and an external mirror separated by 24 mm. One end face of the crystal is polished with a 10-mm radius of curvature, whereas the other end face is f lat. The crystal is coated with a high ref lector (HR) for 1064 and 532 nm on the spherical face and an antiref lector for both wavelengths on the f lat face. A 25-mm radius-of-curvature mirror with transmissivities of 6.2% for 1064 nm and 90% for 532 nm serves as the input coupler for the injected laser light and as the output coupler for the generated second-harmonic wave. The transmissivity of the input coupler is chosen for impedance matching the input wave to the cavity at an input fundamental power of 1.3 W, which (theoretically) ensures maximum conversion eff iciency at this particular power level. The mirror is mounted upon a piezoelectric actuator to lock the cavity length on resonance with the laser frequency. We determined the round-trip power losses of the cavity to be 0.5% by measuring the finesse of the resonator, with the input coupler replaced by a HR mirror. The injected fundamental wave is polarized normal to the optical axis of the crystal to yield type I phase matching. The nonresonant second-harmonic wave double passes the cavity to enhance the nonlinear coupling to the fundamental wave. The relative phase between the fundamental and the second-harmonic waves is adjusted by fine control of the crystal temperature within the phase-matching bandwidth such that an optimum nonlinear coupling between the two waves is achieved. 4 A simple and stable resonance-locking scheme is obtained by use of a modified Pound-Drever technique, 14 in which the cavity length is electro-optically modulated at 12 MHz by two copper electrodes in contact with the crystal faces perpendicular to the optical axis. When the detuning between laser and cavity is nonzero, amplitude modulation is transferred to the fundamental wave, which is detected on the leakage wave through the HR coating of the crystal. The ac photodetector signal is mixed with the modulation signal to yield an error signal for feedback to a servo loop amplifier that stabilizes the cavity length.
The generated second-harmonic beam transmitted through the external mirror of the resonator is separated from the injected fundamental beam by a dichroic mirror with a transmissivity of 99.9% for 1064 nm and a ref lectivity of 97% for 532 nm. Figure 2 shows the second-harmonic power and the corresponding conversion efficiency as a function of the input harmonic power that is mode matched to the TEM 00 resonator eigenmode. The solid curve is calculated from theory, 1 where the single-pass nonlinear conversion efficiency E NL P 2v ͞P v 2 is used as a fit parameter, which was found to be 2.4͞kW. The calculated maximum possible value for E NL is 3.8͞kW in the absence of thermal effects and differential phase shifts between fundamental and second-harmonic waves on ref lection at the HR coating. The maximum second-harmonic power is 1.11 W at a mode-matched input power of 1.25 W (1.47 W injected), resulting in an internal conversion eff iciency of 89 6 2%, where the power transmitted at the dichroic mirror has been included. Because the diodes pumping the laser were each driven with an electrical power of 3 W, a remarkable electricaloptical conversion eff iciency for visible light generation of 9% is achieved, including the diode eff iciencies, propagation losses, and mode matching. Over the input power range from 80 mW to 1.25 W we had to lower the temperature of the crystal by 2.5 K to get optimum second-harmonic output power. The deviations from the theoretical curve at input powers of more than 1 W might be the result of thermal prof iles in the doubler crystal induced by absorption of laser light, causing phase-matching inhomogeneities.
The long-term power stability of the frequency doubler is illustrated in Fig. 3 , in which a time trace of the generated second-harmonic power at a modematched input power of 1.25 W has been recorded. The average green output power over 10 h is 1.09 W, the standard deviation being 0.6%. The locking system is robust; the doubler operation is unaffected by mechanical perturbations on the optical table.
One can tune the frequency of the second-harmonic output smoothly over 20 GHz by controlling the temperature of the laser crystal. In this frequency range no change in the output power was observed. Beyond this range a mode hop of the laser occurs.
An important issue for applications such as pump sources for optical parametric oscillators or highprecision metrology is the frequency stability of the generated light. Monolithic ring lasers, as opposed to lasers with discrete resonator designs, are well known to generate highly frequency-stable output in the freerunning mode once the temperature of the laser crystal is accurately stabilized. Frequency instabilities of less than 10 MHz͞h have been reported in such configurations. 12 To characterize the frequency stability of our source, we used the transmissivity of I 2 gas as a frequency discriminator, with the second-harmonic frequency tuned to the side of an I 2 absorption line. The technique is similar to the one used for determining the absolute frequency stability of an I 2 -stabilized 1.32-mm Nd:YAG laser. 15 A typical result is shown in Fig. 4 , in which we recorded the intensity f luctuations undergone by the generated second-harmonic beam, which was attenuated to a power of 0.3 mW and subsequently transmitted through an I 2 cell. The frequency axis was calibrated by a Fabry-Perot cavity. The recorded drift over 1 h is less than 30 MHz.
As a proof of principle that the system can be used for frequency-stable cw parametric generation, we have realized a subharmonic-pumped optical parametric oscillator 16 by simply replacing the 6.2% output coupler with a 2.5% one so that the doubler is operated in the impedance-overcoupled regime. In this case the generated second-harmonic power inside the doubler crystal is suff icient to reach the threshold of parametric oscillation. Mode-hop-free operation, smooth tunability in the gigahertz range, and signal-plus-idler output powers of .100 mW were achieved. 17 In conclusion, we have demonstrated that external second-harmonic generation in the well-known MgO:LiNbO 3 crystal material can yield internal conversion efficiencies up to 90% at output powers up to at least 1.1 W. The compact system, combining a monolithic miniature ring laser and a semimonolithic MgO:LiNbO 3 frequency doubler, exhibits high power and frequency stability. This system can be integrated into more complex ones, especially as a pump source for cw singly resonant optical parametric oscillators 10 and amplifiers, 18 when high power and frequency stability are desired. Our setup provides the possibility to frequency lock the laser to an external reference, e.g., I 2 , 19 to achieve kilohertz-level absolute stability.
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